The aim of this study was to determine the fundamental relationships between cervical intervertebral disc (IVD) (Folia Morphol 2015; 74, 1: 84-92) 
INTRODUCTION
The intervertebral disc (IVD) is the largest avascular structure in the human body [19] -in the lumbar spine some IVD cells can be up to 8 mm from the nearest direct blood supply [1, 19] .
The IVD can be separated macroscopically into three different components. A centrally located gelatinous mass (the nucleus pulposus -NP) is enclosed in concentrically organised layers of collagen fibres (the inner and outer annulus fibrosus), which are framed, at the cranial and caudal ends of each disc, by hyaline-like cartilaginous end-plates forming a transition zone to the adjacent vertebral bodies [21] . The endplates are typically less than 1 mm thick, and while this varies considerably across the width of any single disc, they tend to be thinnest in the central region adjacent to the nucleus [6] . The endplates are identifiable from an early embryological stage and have an osseous, as well as a hyaline cartilage component [19, 29] . A network of microscopic blood vessels penetrates the endplates during development of the growing spine, principally to provide nutrition for the disc, before disappearing around the time of skeletal maturity [19] . After this point in development the mineralised portion of the endplate is penetrated only by marrow contact channels (MCC), through which capillary buds emerge. These capillary buds connect the trabecular spaces to the cartilaginous endplate, but do not penetrate into it [20] . Apart from a sparse vascular supply in the outer lamellae of the annulus, mature discs are almost totally dependent on diffusion of essential solutes across the endplates for nutrition and metabolic exchange [34] . In addition, several studies have shown that it is the central portion of the endplate that is responsible for the diffusion of the majority of nutritional substances [22, 24] .
One of the primary causes of disc degeneration is thought to be failure of nutrient supply to the disc cells [32] . In vitro, the activity of disc cells is very sensitive to changes in extracellular oxygen and pH levels [10] [11] [12] . Disc cells do not survive prolonged exposure to low pH or glucose concentrations [9, 10] . A fall in nutrient supply that leads to a lowering of oxygen tension or of pH (a result of raised lactic acid concentrations) could thus affect the ability of disc cells to synthesize and maintain the disc's extracellular matrix and could ultimately lead to disc degeneration [24, 32] . The pathway from the blood supply to the nucleus cells is hazardous because these cells are supplied almost entirely by capillaries that originate in the vertebral bodies, penetrate the subchondral plate and terminate just above the cartilaginous endplate [32] . Nutrients must then diffuse from the capillaries through the cartilaginous endplate and the dense extracellular matrix of the NP to the cells [1, 19] . Nutrient supply to nucleus cells can be disturbed at several points. Factors that affect the blood supply to the vertebral body such as atherosclerosis [8] , sickle cell anaemia, caisson disease, and Gaucher's disease [24] all appear to lead to a significant increase in disc degeneration. Finally, even if the blood supply remains undisturbed, nutrients may not reach the disc cells if the cartilaginous endplate calcifies [1, 13, 25, 34] . Intense calcification of the endplate is seen in scoliotic discs [33] .
The above relationship has been proven for lumbar IVDs [1] ; however it was not directly related to the degeneration of their endplates. When compared with lumbar disc degenerative disease, little is known about the degeneration of cervical IVDs and their endplates. Thus, the aim of this study was to determine the fundamental relationships between cervical IVD degeneration, endplate calcification, and the patency of endplate MCC.
MATERIALS AND METHODS

Material acquisition
Sixty cervical IVDs were excised from 30 human cadavers (at the Department of Forensic Medicine, Jagiellonian University Medical College), using the anterior approach, not later than 48 h post-mortem [17] . The material was excised in one block comprising vertebral bodies, IVDs, endplates and blood vessels supplying these structure, and wrapped in saline soaked gauze, vacuum-sealed to prevent dehydration, and kept at 4°C until micro computed tomography (microCT) scanning (on the same day). Excision started at the level of the lower half of the C4 vertebra and ended at the level of the upper half of the C6.
The study inclusion criterion was the ability to excise a section of the anterior spinal column (from the lower half of the C4 vertebra to the upper half of the C6), with the anterior and posterior longitudinal ligaments and blood vessels supplying the vertebrae. Study exclusion criteria were: (1) injury to the cervical spine, preventing from excising the required section; (2) previous cervical spine surgery; (3) receiving chemotherapy in the last 12 months; (4) previous radiation therapy to the perispinal region; (5) long-standing paralysis (≥ 6 months); (6) ankylosing spondylitis.
MicroCT scanning
Before scanning each sample was unpacked from the vacuum-sealed container, and sectioned transversally at the middle of the C5 vertebral body. This produced two samples from each cadaver encompassing the IVD with its both endplates, surrounded from both ends by part of the vertebral bodies.
The samples were scanned using a microCT scanner (SkyScan 1172 N.V., Aartselaar, Belgium) (Department of Medical Physics, Institute of Physics, Jagiellonian University). The spatial resolution was set to 13.68 µm per pixel. The shadow images were obtained using an X-ray source energy of 80 keV using the 0.5 mm Al filter. The angular step between image acquisitions was 0.4 o and each image was averaged from 5 frames. Scanning was performed perpendicular to the cranial-caudal axis of the sample, which was mounted on a custom plasticine attachment (this allowed for precise repositioning of the specimen along the z-axis with minimal rotational error) [27, 28] .
3D sample reconstruction
Virtual reconstructions were prepared using NRecon software (SkyScan). Each reconstructed cross--section had a resolution of 2000 × 2000 pixels. CTVox was used for primary volume rendering of every sample. The transfer function was appropriately set to visualise canals (empty spaces) inside the sample.
The 3-dimensional (3D) analysis was performed using CTVox, CTAnalyser and CTVol (SkyScan) applications. Before analysis, all cross-sections were binarised using CTAnalyser software to reconstruct virtual solid 3D models of the sample. These models were visualised in CTVol software (Fig. 1A, B) .
Image analysis
From all images the number, calibre, diameter and distribution of endplate openings were measured using ImageJ [18] . Following the recommendations of Benneker et al. [1] we decided to neglect all holes smaller than 10 µm in diameter, as these were found to be mostly artefacts. Images from both the cranial and caudal endplates were acquired and analysed. Each endplate was divided into 5 regions -anterior outer annulus (AO), anterior inner annulus (AI), NP, posterior inner annulus (PI), and posterior outer annulus (PO). The number of MCCs was counted per 10 mm 2 .
IVD and endplate degeneration assessment
Directly after microCT scanning, each sample was sectioned along the midsagittal plane for macroscopic IVD degeneration scoring according to Thompson's classification [30] . Each specimen was assessed by two of the authors, and the grade was averaged. Next, the samples were placed in a 10% solution of formaldehyde (pH 7.4) for a minimum of 14 days.
Microscopic IVD and endplate degeneration was assessed using Boos's classification [4] . Tissue samples acquired from the midsagittal plane (of each of the 5 IVD regions) were dehydrated, embedded in paraffin, sectioned at 4 µm, and stained with haematoxylin and eosin (H&E), Masson-Goldner trichrome and al- Figure 1 . Micro-computed tomography virtual reconstruction of endplate: intervertebral disc junction; A. Endplate viewed from the side of the disc. Numerous holes of different sizes can be seen; B. Midsagittal section: above -endplate with several marrow contact channels (marked with white arrows); below -intervertebral disc with no marrow contact channels penetrating its core.
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cian blue-PAS (Department of Pathology, Jagiellonian University Medical College). Each sample was assessed and scored, using light microscopy, by two observers, and the final score per sample was averaged.
The degree of endplate calcification was analysed as the percentage of calcified tissue (red on Masson--Goldner trichrome staining) ( Fig. 2A) to the non-calcified part (Fig. 2B) . The fact of endplate calcification was verified on corresponding H&E stained samples. The percentage of calcification was averaged for all examined endplate regions [31] .
Ethics
The research protocol was approved by the Jagiellonian University Medical College Ethics Committee (registry number KBET/319/B/2012). The study has been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. The specimen excision method was chosen so as not to destabilise the cadaver's spinal column.
Statistical analysis
Statistical analysis was conducted using Statistica 10.0 PL (Statsoft). Elements of descriptive statistics were used (mean, standard deviation [SD] percentage distribution). Differences between groups were tested with t test, Mann-Whitney U test or analysis of variance (ANOVA) as appropriate. To assess the correlation between scores, Pearson's correlation was used. Backward elimination was applied (p > 0.1) to identify the MCC size ranges that correlated best with endplate degeneration scored using Boos's classification [2] . Statistical significance was set at p < 0.05.
RESULTS
The study group comprised 30 female and 30 male IVDs. The mean age ± SD of the specimens was 51.4 ± 19.5. The basic characteristics of the study group are shown in Table 1. IVD degeneration, graded using Thompson's classification, significantly correlated with Boos's IVD degeneration score (r = 0.77; p < 0.0001). IVD and endplate degeneration, graded using Boos's score also strongly correlated with each other (r = 0.96; p < 0.0001).
Specimen's age strongly correlated with both IVD degeneration (Thompson's and Boos's) and endplate degeneration (Boos's score), as well as the averaged percentage of endplate calcification (r = 0.76; r = 0.77; r = 0.73; r = 0.75, respectively; p < 0.0001). Age also showed a strong negative correlation with the total number of endplate openings (r = -0.68; p < 0.0001), as well as the number of openings (averaged from all endplate regions) of varying diameters (r = -0.33-(-0.76); p < 0.0001), with the exception of openings over 300 μm in diameter (r = 0.66; p < 0.0001) (Fig. 3) . The number of the 300 µm endplate openings negatively correlated with the number of all other openings (r = -0.62-(-0.82); p < 0.0001). This correlation was strongest for openings 10-50 μm in diameter (r = -0.82; p < 0.0001). Figure 3 shows the age--distribution of endplate openings of different sizes among both sexes.
A similar relationship between the number of endplate openings and IVD and endplate degeneration/ /calcification was seen (Table 2 ). Figure 4 shows the number of endplate openings grouped according to Thompson's grade of degeneration. 
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By backward elimination we have determined that openings 10-50 μm in diameter (r = -0.91; p < 0.0001) accounted for 85% of the variability in the "total number of endplate openings -degree of endplate degeneration" (r = -0.85; p < 0.0001) correlation.
DISCUSSION
This study aimed at revealing the relationships between cervical IVD degeneration, endplate calcification, and the patency of endplate MCCs. The major finding presented in this manuscript is the fact that there is a strong negative correlation between the number of endplate MCCs, and both macroscopic and microscopic cervical IVD and endplate degeneration. Similar to lumbar IVDs [1] , this study has also shown that the relationship between MCC closure and IVD degeneration was the strongest for the region corresponding to the NP. This corresponds well with what was written earlier, that the central portion of the endplate is responsible for the diffusion of the majority of nutritional substances [22, 24] .
This study is the first to use microCT together with histological analysis to allow for the localisation, quantification, and characterisation of MCCs in the cervical endplate. Up-to-date only one similar study [1] explored such a relationship in lumbar IVDs, using scanning electron microscopy (SEM). Other studies assessing this relationship based solely on histological analysis [7] , which allows only visualising a certain portion of the endplate, and not its entire structure. The method used in the current study is easily reproducible -both through the use of microCT, and also due to the fact that both Thompson's and Boos's grading systems were tested for interobserver reliability, practicability, and validity [14] . All the above mentioned allow to perform accurate measurements of endplate MCCs. This study has also brought to light the fact that, if used properly, Thompson's grade of IVD degeneration closely correlates with Boos's score of microscopic IVD and endplate degeneration. This gives clinicians performing cervical spine surgeries a useful tool to support their post-operative discussion with their patients, when the results of pathological analysis are not yet known.
In opposition to the study by Benneker et al. [1] our findings showed a strong correlation between age and the decreasing number of MCCs (Fig. 3) , with the exclusion of openings larger than 300 µm. The strong correlation between IVD degeneration and the decreasing number of endplate openings has been noted before [1, 20] but only for lumbar IVD's. Figure 3 also points to an important fact that the age at which the number of MCCs decreases can vary considerably between individuals. This has been reported before for lumbar IVDs [1, 4] .
The lack of correlation between the total area of all endplate openings, both averaged and divided by region, and endplate or IVD degeneration grade can be partially explained by the fact that with increasing endplate degeneration there was a significant increase in the number of endplate openings larger than 300 µm (largest noted were ~600 µm in diameter). Based on our results and the SEM findings of Benneker et al. [1] , we concur that the increased size of the openings was caused by endplate cracking during degeneration. These openings do not contain capillary buds [5] , and are the offspring of age-associated endplate thinning, clefts and fissures [4] . Similarly to previous studies on lumbar IVD samples [1, 23] , we have observed that the correlation between endplate degeneration and the number of endplate openings is the strongest for those MCCs that hold capillary buds [3] . However, in contrast to other studies, we have chosen to investigate openings 10-50 μm in diameter, as animal studies report that capillary buds, within the endplate's cartilage can be between 5-50 μm in size [15] . However, as mentioned earlier, we did not include into our analysis openings smaller than 10 µm, as they have been found to be mostly artefacts [1] . The vascular buds are capillary structures, morphologically similar among humans, monkeys, and rabbits [36] . Capillaries can be classified into three types -discontinuous, fenestrated, and continuous. Capillary permeability increases in this order, and the morphological features of the endothelium indicate organ specificity [2] . The vascular buds were found to be fenestrated capillaries, which are usually observed in metabolically very active tissues such as endocrine glands, kidneys, intestinal mucosa and dorsal root ganglion [15, 16] . This would mean that there is enhanced permeability and metabolism in both the cartilaginous endplate and the IVD. This study points out important correlations between endplate calcification, MCC occlusion and IVD degeneration. However, the exact mechanisms by which the endplate calcifies are yet to be discovered. Several factors are thought to play a role in the pathogenesis of endplate calcification e.g. calcium--binding collagen type X [3] , ankyrin [37] , ENPP1 and TGF-beta1 [35] . We cannot state for certain, as this study does not answer cause and effect questions, but one could presume that endplate calcification is rather the cause, than the effect of a fall in nutrient transport, as it begins in the well-vascularised centre of the endplate, and not in the outer regions where the number of endplate openings is lower.
In our study, we have not decided to go beyond microCT and histological analysis, even though some studies [1, 20, 26] reached out for biochemical parameters to supplement their search for the cause of endplate-IVD degeneration. This is something worth exploring in future studies, as different studies [1, 20, 26] produce conflicting results -especially when it comes to the role of glycosaminoglycans in the interplay between age, endplate bone porosity and IVD degeneration. Rodriguez et al. [26] observed that endplate porosity increased with age while glycosaminoglycan content decreased. This conflicts with the study by Nachemson et al. [20] which showed a decrease in endplate porosity with age and degeneration. The findings of Nachemson et al. [20] are also supported by the result obtained by Benneker et al. [1] as well as the present study.
CONCLUSIONS
Concluding, this is the first study to perform such an investigation on human cervical spine samples. It has brought to light that, similarly to lumbar IVDs, there is a strong negative correlation between the number of endplate MCCs, and both macroscopic and microscopic cervical IVD and endplate degeneration. This could further support the idea that endplate calcification, through the occlusion of MCCs, leads to a fall in nutrient transport to the IVD, and subsequently causes its degeneration. Additionally, the method demonstrated in this study allows performing accurate and easily reproducible measurements of the number, size and shape of endplate MCCs. What is more, we have shown that Thompson 
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